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SUMMARY 





, * S n tu6 l ls . made the various mechanisms which generate broadband noise on 
a range of rotors. The sources considered are load fluctuations due to inflow 
turbulence, due to turbulent boundary layers passing the blades’ trailing 
^® s | f and due t0 t ]P vortex formation. Our past work had been the first to 
ro!-!L, f +hfc d prese ^ analyses of these mechanisms. In the present work we 
review these ana other investigators' prediction mechanisms, determine their 
limitations, and make significant extensions to allow more accurate prediction 
o rotor noise spectra. Our. analyses, although evaluated by computer 
are primarily analytical and thus helpful in understanding the 
the noise generation. Comparisons to more numerically based 
show that our analyses are accurate but restricted to advance 
less than approximately 0.4 (which include all cases of practical 
. - ^ ^ present broadband analyses leave out in-plane force mechanisms 

Vnrfpx^hllirf . restn . cted to angles which are not too close to the rotor plane. 
Vortex shedding noise due to laminar boundary layers and blunt trailing edges 
are not considered as they can be prevented in most cases. 


programs, 
nature of 
approaches 
ratios of 
interest) . 


An extensive search was made of existing experiments and then calculations 
based on the various prediction methods were made for comparison purposes. 
This study shows that present analyses are adequate to predict the spectra 
from a wide variety of experiments on fans, full scale and model scale 
helicopter rotors, wind turbines, and propellers to within about 5 to 10 d8. 

predictions in ^ ow turbulence improves the accuracy of the 


The results of this study indicate that inflow turbulence noise depends 
strongly on ambient conditions and dominates at low frequencies. Trailing 
edge noise and tip vortex noise are important at higher frequencies if inflow 

icnnrlffi 6 p 1S -i Weak * . B ° undar y 1 a y er trailing edge noise is important, 
especially for large sized rotors. This noise increases slowly with angle of 

attack but not as rapidly as tip vortex noise, which can be important at high 
angles of attack for wide chord, square edge tips. 
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INTRODUCTION 


Despite extensive research over the past fifty years and particularly over 
the last fifteen years, the relative importances of various rotor noise 
mechanisms are only now becoming understood. The accuracies of the existing 
analyses are also hard to document. The primary reason for these difficulties 
is that there are a large number of noise mechanisms on rotors which can be 
important in different parts of the acoustic freguency spectrum, depending 
upon the rotor parameters and operating environment. The wide variety of 
source mechanisms is due to various aeroacoustic effects: boundary layers, 

separated flow, and inflow turbulence; high Mach numbers, including nonlinear 
effects; blade-vortex interactions; non-uniform inflow; etc. (1). In general, 
the mechanisms each affect different parts of the acoustic spectrum. Then, on 
craft with either tandem or main and tail rotors, many of these mechanisms can 
interact with each other and between rotors. Thus, in many cases, it is not 
clear which mechanisms are dominant in many operating conditions for full 
scale helicopters, propellers, etc. This study addresses a part of the 
problem - broadband noise. It reviews and extends broadband noise analyses 
and compares calculations based on various analyses of broadband noise 
mechanisms to each other and to available experimental data. The aims of this 
work are to help understand which broadband noise mechanisms are important 

under which circumstances, to identify a number of satisfactory, existing , 
and well -documented experimental measurements, and to evaluate the various 
analytical approaches by comparing them to each other and to the chosen 
experiments. It will be seen that several satisfactory analytical approaches 
are available and their limitations will be delineated. These approaches can 
show which mechanisms are important in which cases and are able to predict 
absolute spectra to within about five dB for clean experiments. 

The freguencies of interest in rotor noise are usually determined by human 
annoyance (or detection, in some cases). The common measures of annoyance, 
such as the perceived noise level (PNdB) or A-weighted sound level (dBA), 

account for the fact that humans find low frequencies, say below a few hundred 
Hertz, much less annoying. On the other hand, if long distance propagation is 
a factor for the rotor in question, then high frequencies can be attenuated 
significantly by molecular absorption. For example, after propagation over 
one kilometer, frequencies above a few thousand Hertz are attenuated 

drastically (1). Thus frequencies in the range from a few hundred to several 
thousand hertz are of primary interest. 

The amount of power radiated by a rotor is generally extremely small 

compared with the aerodynamic power consumed by the rotor (by a factor of 
order at least one to ten thousand). Thus the acoustics do not affect the 
rotor performance to any extent. Noise is radiated by forces, volume 

displacements, or nonlinearities which are either unsteady or vary in their 
effects when considered in terms of retarded time (1). In general, rotor 

noise can be divided into three categories: 

1. Discrete frequency noise (sometimes called rotational or harmonic noise) is 
caused by steady or harmonically varying forces, volume displacements, or 

nonlinear flow effects. For low to moderate blade tip Mach number these can 
be due to the basic blade rotation and forward flight of a helicopter or to 
steady inflow variations. These mechanisms have been analyzed by Gutin, 

Deming, Hubbard, Lowson, and Wright. The steady loading noise is generally 


Tw n if te - d t0 . the fi . r . st doz , en or so harmonics of the blade passing frequency, 
turhinoc n ?h USU * y of Importance to helicopter main rotors or large wind 
turbines as these frequencies lie in the frequency range below 100 Hz where 
human ears are not very sensitive. These low order harmonics are, however 
very important to the cases of high RPM propellers or tail rotors* 
Harmonically varying effects can, in principle, be important at hiqher 

be causei^L^Ldl h 5«°! S * But J 1n fact ’^ he higher frequency noises tend to 
if S d Ma b Ju oad u' displacements, or nonl inearities which are impulsive, due 
to high Mach numbers, or are randomly varying (caused by turbulencel In 

as'discu^Vbe' o P w. en ° mena ^ ^ analy2 * 92 WulsiveVbro^ 

2. Impulsive noise (sometimes called blade slap) consists of nearly distinct 
repeated pulses at blade-passing frequency. After being Fourier analyzed the 

Xt tv ha ™T 1c spectra - their p^“i u ur 

identity is due to their impulsive time histories and origins. These Dulses 

M r L* Ca 3 d pa . rt f iCul f ly h* events at certain blade atfwth angles such H 
interac tions or local transonic blade motion toward the observer 
h^n Sf? ,? b K er ,?r® at ® r t r han approximately 0.75). These noise sources have 
Schmitz It**? by an W H d r a ’ Ffow cs Williams and Hawkings, Farassat, Hanson, and 
thp m lpc* 6t - 9 ‘1 an + d Ge . orge and Chang (2-9). Impulsive noise is unquestionably 
the most important noise source on helicopter or wind turbine rotors when it 
exists.. However, a prime goal of aeroacoustic rotor design or operation is to 

SriwoJIJ?nl S l V -\ n0 J 2e IUI 9en u erati s 0n by contro1 of blade-vortex interactions and 
d f 9 WA 1 ? Mac . h nu . mber * T his often leaves broadband noise as the 
important controlling noise in many situations where relative tip speeds are 
not transonic and blade-vortex interactions are avoided. 

^if B hl 0ad h band noise, which is the subject of this study, has a continuous 
whirl' 5 h som f times humped or peaked) spectrum and is caused by disturbances 
which are not precisely repeated at each blade revolution but which are 
basically random in nature. These random disturbances are generally due to 
l^L^° r L 0f - tu r. bu \ ence interacting with the rotor blades. The turbulence can 
npnpr?fo ^ e h inC fh eri M °^ r the b^ade from the ambient atmosphere or can be 
generated by the blade motion itself. Recent reviews of broadband noise 
research may be found in references 10 and 11. 
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BROADBAND NOISE MECHANISMS AND ANALYSES 


For this study, various analyses of broadband noise were programmed and 
extended. Emphasis is placed on 'first principles' analyses, which make 
absolute predictions of noise spectra. These analyses are not based on 
empirical correlation equations and do not require the determination of 
empirical constants for different families of rotors. Computations were made 
for many types of rotors in order to compare different analyses of the same 
mechanisms to each other and to available experiments. This enabled us to 
determine which mechanisms are important for different rotor parameters and 
for different parts of the audible spectrum. A few comparisons are also given 
for some of the scaling law based correlations available in the literature. 

Historically, the first broadband noise prediction methods were based on 
empirical correlation of overall sound pressure level (OASPL) as, for example, 
by Widnall (12). Previously, very early investigators had erroneously 
identified broadband noise with some sort of turbulent 'vortex shedding' from 
the rear of the blades, hence the early name 'vortex noise' was used. 
Actually most broadband noise is due to force fluctuations on the blades due 
to influences of turbulent flows. Later it was found that in the atypical 
case of laminar flow, the laminar boundary layers on blades can indeed shed 
nearly regular vortices at the trailing edges and thus can radiate a narrow 
peaked broadband sound, sometimes called 'high frequency broadband noise'. 
(See e.g. Paterson et al., reference 13, Aravmudan et al., reference 14.) 
However, this source is not important for most full scale rotors, except 
perhaps for helicopter tail rotors or small fans. Even in these cases it can 
be eliminated easily by tripping the boundary layers, see e.g. reference 14. 

According to the origin of the noise produced, the source mechanisms 
considered in this study can be divided into the following categories : 

INFLOW TURBULENCE NOISE 

The analysis of the sound generated by the unsteady loadings due to 
turbulence fluctuations on unducted subsonic rotors began with the quite 
general analysis of Homicz and George (15). They treated the general case of 
unsteady forces distributed in space, following the Lighthill equation of 
aeroacousics with specialization to rotating blades. See figure 1 for 
geometry. They devised an analysis for the sound radiated from arbitrarily 
varying forces on a rotor disk. The analysis was applied to the varying 

loadings on a rotating blade in the disk. The loadings were obtained from an 
approximate compressible aerodynamic analysis for an inflow of isotropic 
turbulence defined by the Dryden spectrum. Inflow turbulence was seen to be 
an important noise source over a range of frequencies. The analysis also 
explained the humped or peaked nature of the low frequency part of the 
spectrum as being due to the large scale components of the turbulence inflow. 
These large scale components give nearly periodic (i.e. modulated) 
disturbances as they are swept through the rotor plane; this leads to a nearly 
periodic but finite bandwidth radiated sound. This analysis is not well 
suited for high frequencies since large CPU times are required for the 
calculations. Thus, later high frequency analyses were developed by George and 
Kim (16) and by Amiet (17), and variations on them were made by Harris and co- 
workers (18,19). 
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ent -t o Pd f T Ce ® (dipo1es) usin 9 the result of Ffowcs Williams and Hawkinos 
evaluated in a quite straightforward way. 


numerical ly 


SSSSaSrfeS^ffiWS 

thl'rad lation* from f a° m r ? tat, ; g M b ’ ades b * '""erlcal lTsuiming ^nTlverlgiSg 

? f ™ I 3 n „fa a « g e r™Vr 0 Tl7T 1C Th a s P aDDro a i 

can be shown tn hp arm^ata .. . £ "y rutor n/j. inis approach 

liss mmmmm 

S 15 «" .Wur'nTttsa pa St ter t n o 

as 

George . and Kirn and of Amiet were used in the present studv 
for inflow turbulence noise calculations. The inflow turbulence itselfcan hi 

* natura1 turbulence in the atmosphere or to upstream disturbances 

Illustrate the enlitivitv t„ ie . k c . as , e ? t ' *1 ‘ernatlve calculations were made to 
n™hi«L • tne s ? nsi tivity to the likely range of values. Another difficult 
problem in estimating the turbulent inflow properties L 

the' con tract inn'^'t 0f y. e inflow due t0 the dl 'stortion of t.urbul ent eddies as 
fans (1^27 28 1 9 aV^Vp^ th^ 5j V ^ ing rotors « stationary propellers, or 
calculations made. P ’ 1S effect can on1 ^ be estimated and alternative 
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BOUNDARY LAYER TRAILING EDGE NOISE 


Noise is also produced by the self-generated turbulence in a blade's 

ioSS d « y oi ay *« r ^ SSin ? . tr * 111n 0 This was recognized as far back as 

1959 (29). Various investigators looked at very simplified models for this 
noise, but these early models were not complete and were useful only as bases 
for empirical correlations. Fink, for example, in reference 30, used such a 
correlation to predict the on-axis noise of a rotor due to boundary layer 
trailing edge noise. Complete fir st-pr inc ipl e analyses of rotor trail inq edqe 
noise were developed more recently by Kim and George (31) and by Schl inker and 

cn^rf 32 ' A1so » recently, Hubbard et al . (33) have proposed an OASPL and 
spectrum peak correlation for wind turbine rotors. 

The analytical problem of sound radiating from the effect of turbulence 
being convected past a non-rotating trailing edge has been studied intensively 
since about 1970. A variety of model problems were studied (see the review of 
Howe, reference 34), but these studies primarily resulted in scaling laws 
which needed empirical constants to be determined. There also remained a 
number of questions regarding the details of the modelling and the effects of 
the Kutta condition. Alternatively, Amiet developed a method which is based 
on solving the problem of a statistically stationary pressure field being 
convected past a trailing edge (35,36). This result only depends upon the 
pressure spectrum in the boundary layers being known from experiments. 
Amiet s method has been compared to the experimental findings of Brooks f 37 i 
and found to be consistent. 


In 1980, Kim and George constructed an analysis of boundary layer noise 
from rotors by using the blade forces from Amiet 's flow model in the same 
manner as they had earlier for the inflow turbulence noise. Thus, their 
analysis is age in restricted to angles not too close to the rotor plane and to 
the low advance.- ratios which are found in helicopter forward flight. In the 
calculations given in this report, an airfoil boundary layer thickness 
correlation was used (38, and Appendix A of this report) instead of the flat 
plate results used in the original publications. Later, Schl inker and Amiet 
(jc) used the same numerical summing and averaging method that Amiet had used 
for the inflow turbulence noise (17) to treat the trailing edge noise problem. 
Again, we will see that the dipole method of Kim and George gives essentially 
the same resul ts as Amiet' s method except within about 15 degrees of the rotor 
plane, where additional source terms should be included in both methods. 

TIP VORTEX NOISE 


Another source of broadband noise on airfoils or rotors is that of locally- 
separated flow from local stall or from tip vortex formation. Kendall (39), 
Ahtye et al . (40), and Fink and Bailey (41) experimentally observed localized 
noise sources at wing and flap tips. Changes in noise from changes in rotor 
tip shape were experimentally observed some time ago by Lowson et al . (42) 
although these effects may have been due to blade loading changes. Earlier! 
even (43), for the airframe noise case, had argued on an energy basis that 
vortex drag and associated turbulence In the trail inq vortices must lead to 
additional noise in some manner. George et al . (44') have identified this 
effect with the turbulence in the vortex formation and local separation reqion 
over the blade tip interacting with the trailing edge. 
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The model starts with the experimental observations of separation on the 
suction side of blade or rotor tips due to the boundary layer belnq swept 
around the tip by the pressure gradients at the tip. A separated vortex flow 

S‘5w 1C V S ? ery j i1m1 ’ ar t0 the f '°« -*»«■ ‘he top surfaces of a sharp- 
edged delta wing in subsonic flow. Figures 2 and 3 are sketches of delta wing 

and wing/rotor tip flows. It is known that these leading edge vortices are 

quite turbulent. Large fluctuating pressures have been measured on the 

surfaces of delta wings under these vortices. George et al . (44,45) used 

these data pressure fluctuation data from two dimensional flows, and data on 
the geometry and velocities associated with wing and rotor tip flows to 

estimate the separated turbulent pressure spectrum being convected past the 

trailing edge. This information was used to predict the resulting radiated 
sound in a manner similar to George and Kim's treatment of inflow turbulence 
and boundary layer trailing edge noise. This tip vortex noise is shown to 

increase with blade loading, as had been experimentally observed in manv 

cases The updated version of the analysis (45, and Appendix B of this 

report) uses turbulent pressure data measured under vortices on delta wings 

which are correlated with pressure on rotor tips using experimentally measured 
length and velocity scales. This version is used to compute spectra for the 
various cases in the present study. 

OTHER MECHANISMS 

Another local separation turbulence noise is that of the local stall 

associated with a high angle of attack, due to close proximity to a vortex 
from previous blade passage. This phenomenon was studied experimentally by 
p aterson et al . in reference 46 but there is presently no analytical model of 
either the local separation or noise radiation available. However, available 
detailed pressure measurements on rotor blades indicate that this phenomenon 
is usually not present on rotors under normal operating conditions (47). 

As mentioned in the introduction, trailing edge vortex shedding noise from 
laminar blade boundary layers is a noise mechanism which can be eliminated in 


most cases by tripping the bourn 
shedding from blunt trailing edge: 
well by Brooks and Hodgson (48) 
source can be el iminated by using 
is structurally practical. 


boundary layer. A similar mechanism of vortex 
edges has been identified for turbulent flows as 
(48). Like the laminar flow case, this noise 
ising a sufficiently sharp trailing edge if this 
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CORRELATION TYPE PREDICTION EQUATIONS 


Due to the need for some sort of guidance in design, many empirical and 
semi-empirical prediction equations have been proposed over the years. We 
will only discuss those which predict a spectrum. Those equations dealing with 
overall sound pressure levels are much less useful if one is interested in a 
range of rotor sizes, because the basic blade passing frequency varies so 
widely. (Consider a full scale wind turbine versus a small fan, for example.) 
Some of the methods used to predict spectra are primary empii ical , although 
based on theoretical ideas, while others are more closely related to analyses. 

Perhaps the most developed of the correlation type methods for broadband 
noise is the method of Pegg (49) which is based on earlier methods of Lowson 
(50), Hubbard (51), Schlegel et al . (52) and Munch (53). It is given by : 

SPL 1/3 = 60 log(M t ) + 10 log(A/r 2 ) (cos 2 e+0.1) + S 1/3 (f/f ) 

+ 10 log(C^/0. 4) +130 dB 

for C £ < 0.48 and where A = rotor blade area, C^ = average blade lift 

coefficient, f = frequency in Hz, M. = tip Mach number, r = distance to 
observer, SPL, /3 = one-third octave bind sound pressure level, and e = angle 
from the rotor' axis. The function S, /3 (f/f ) is a tabulated function giving 
the frequency dependence of the so una spectrum. The frequency at which the 
spectrum peaks is given by : 

f = -240 T + 2.488 V. + 942 
P t 

where T = thrust in Newtons, and V. = tip speed in m/s. It should be noted 
that this correlation does not include any of the known effects of inflow 
turbulence on the noise prediction; presumably it would be applicable to some 
sort of 'typical' ambient turbulence conditions. 

/■ ':her correlation equation was given by Fink (30) for the minimum 
broadu, H noise (i.e. on-axis excluding inflow turbulence) of a rotor. It is 
given by : 

SPL 1/3 = 0ASPL + 10 log[0.613(f/f m ) 4 x{(f/f m ) 3/2 +0.5}" 4 ] 

0ASPL = 50 log(V/100m/s) + 10 log(6Nb/r 2 ) + 10 log(cos(u>) /2 ) 2 
+ 113.9 dB 

the peak frequency f = 0.1 V/<$ and a measure of the boundary layer thickness 
6 = 0.37 c (Vc/v)' i/R 

where b = span, N = number of blades, r - distance to observes from rotor tip, 
V = tip speed, v = kinematic viscosity, and = sin" 1 (b/r). In our 
application we have taken the cosine of the blade pitch angle to be 
approximately one. 


xu 
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CHOICE OF EXPERIMENTS 


/\n_ extensive search of the literature was undertaken to find suitable 
experimental data with which to compare the various analyses. More than 

seventy references were examined while looking for cases in which the 
experimental parameters were well defined and in which 'clean' spectral data 
were presented, unaffected or minimally affected by extraneous influences such 
as reverberation, engine or drive motor noise, etc. For cases in which inflow 
turbulence was important, we also looked for the most complete measurements 
available of the inflow turbulence spectrum. We then tried to choose 
representative data from categories covering a range of rotors including wind 
turbines, helicopters, and propellers. We did not consider data where only 
overall sound pressure level or octave band data were given as this type of 
averaged data is inadequate to differentiate between source mechanisms and 
analyses. Appendix C is an annotated list of experimental references which we 
considered but which did not contain appropriate data. 

Two types of full-scale helicopter rotor tests are available. Either 
measurements had been made for rotors tested on a whirl tower or the radiated 
noise had been directly recorded from an operating helicopter. First, 
consider the whirl tower tests; this type of experiment has several advantages 
oyer the flight tests. Since only one rotor is involved, there is no problem 
with aerodynamic interactions with other rotors such as main rotor/tail rotor 
interactions. Also, other polluting noises such as noises generated by drive 
motor and gear box, etc. are comparatively easy to control. Therefore, these 
tests are considered cleaner than the flight tests. However, the flight tests 
do give more information on the overall helicopter noise problem. 

Two sets of whirl tower tests are available. The first set was due to 

Leverton (54,55). He tested a full scale S-55 rotor on a test rig in an 
inverted position in order to eliminate the effect of recirculation which 
occurs when a rotor wake is directed toward the ground. The spectra measured 
were taken from a tethered ballon at various angles to the test rotor plane. 
His tests varied both load and RPM. In the present study, only a few cases 
were chosen for comparison. The primary missing information in Leverton' s 
results is any data on the inflow turbulence. Neither the turbulent intensity 
nor the scale were measured. As the inflow was drawn from near the ground, 
the turbulent integral scale could be quite reasonably estimated from the 
fairly well established empirical relationship that 

A = 0.9 h 

where A is the turbulent integral scale and h is the height above the ground 
(56). Similarly, values for turbulent intensity for various weather 
conditions can also be estimated from the extensive data and correlations in 
Lumley and Panofsky's monograph (25). Leverton also reported a series of 
indoor model scale tests. Since the data did not include inflow turbulence 
information as did some other available model scale tests, these results are 
not used in this report. 

Also, there was another set of experiments carried out at the Boeinq Vertol 
test facility by Sternfeld et al . (57,58). In contrast to Leverton's test, 
they put the rotor in a position where the rotor wakes are blown toward the 
ground; therefore high turbulent intensities due to recirculation may be 
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expected, resulting in a higher noise level. Their tests varied both loading 
and rotor RPM. Still no measurement was made of the turbulence properties. 
Therefore, values of turbulent intensity and inteqral scale have to be 
estimated in order to make the predictions. In this report, only a few 
represented cases, which were chosen from the more recent of the tests, will 
be presented. 

For a full scale helicopter, the spectra calculated by Johnson and Katz in 
1971 (59) have been used for a long time. These spectra are based on the 
measurements of noise from a UH-1 helicopter. The spectra, of course, contain 
both main and tail rotor noise as well as airframe, engine, and gear noise. 
In this case too, no inflow turbulence information was measured, so values of 
integra 1 scale and turbulent intensity were again estimated, using the 
helicopter altitude and assumed weather conditions (25,56). 

Other sets of full scale helicopter noise measurements are also available. 
Pegg et a! . (60) had conducted a program in 1973, where both a standard SH-3A 
and a modified one had been fliqht tested. Just as in Johnson and Katz's 
case, the data had also been polluted by other noises such as engine and gear 
box noise. They had measured the upper-air conditions, both wind speed and 
direction, but no turbulence measurements were made. In this study, one case 
of overhead flyover had been chosen to make the comparison using the estimated 
turbulent integral scale and intensity. A similar test program had also been 
conducted by Henderson et al . (61) for both standard and modified 0H-6A 

helicopter. Just as in Pegg's experiment, weather conditions were monitored 
but no attention had been paid to the turbulence. Comparisons had also been 
made for the flyover case at overhead position using the estimated turbulence 
data. Sternfeld (62) also reported a series of full scale tests (involving 
enqine noise), the test helicopters include Bell 204B, Sikorsky SH-3A, S-65 
and Boeing Vertol CH-47B. 

Two sets of suitable full scale wind turbine noise measurements were found 
in the reports of Hubbard and his co-workers (33,63). Measurements were made 
for the MOO-OA wind turbine at ground level and at a distance of 61 meters 

from the tower base in the rotor plane and at angles of 45 and 90 degrees from 

it. Measurements for the MOO-2 wind turbine were also made at ground level, 

both in the rotor plane and at several locations under the turbine axis. In 

both cases, the background noise was measured and shown to be well below the 
measured spectra. However, no information on turbulence intensity or integral 
scale was given. In these cases, again, the turbulence's characteristics were 
estimated, aided slightly by the fact that at least the wind speed was known. 
(It should be noted that the wind turbine noise annoyance may not be 
controlled by broadband noise but by low frequency impulsive noise due to the 
interaction with specific atmospheric inhomogeneities or vortices shed by the 
upwind towers.) 

Several sets of indoor tests of model rotors in anechoic facilities are 
available for comparison with analyses. The first set that will be discussed 
was carried out by Paterson and Amlet in the UTRC anechoic wind tunnel 
facility on several model rotors (64). In these tests, both vertical ascent 
and forward fliqht were simulated and different grids were used upstream to 
generate controlled inflow turbulence. Measurements were made of both the 
turbulent intensity and integral scale so that in these cases none of the 
parameters needed to be estimated. 


anecholc^wlnd^tunnp^and ^repo^rted'^rf'a VeVies"'^^ S oaoe re ° ut 1n the M!T 

flnd Humbad (?.1,24). 4 number of the tests res/lts ronteL^)'™''' 1 '’"’ Harr1s - 

laminar vortex sheddina noise iMnh from,« rt / e l U 1 1 ^ 1 , con i tainf? d large amounts of 

covered the morn int testing S/ CI br “ dbl " d / 0,ssl wt ” ch P^tlalTy 
part of the spectrum (7? mo /» ca,es . " this peaked 

still useful for comparisons 'in - par i ° f the measui "ed spectra Is 

and Am let, dif?er en 7gr!ds Ure us d uosK’TAk aS . ‘ hose ° f 

and Integral scale were measured. ' P d the turbulence's intensity 

•l.'7«r **.“/ we d re 0r run XP 1n ri a e n nt a S ne f ch r oi a c '° W ,pe ? ,a h n is due ‘•°*°" <* 
unducted fan, both^e^ore and after rectrcul S EUn^ ,i ^ a " 
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recirculation set In ite ! JwIh ^ intensity in the room before the 
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Noises were recorded for flyover’ taxi nnerW<IJ ht ST . 0L , ^ rans P° rt aircraft. 

well. Measurements were taken by ’microphones located®"!* Vtfo st . atic . . tests as 
the ground. Turbulence data w«re S o n «J? li* a • at the win 9 tip and on 
the aircraft nose boom Also Rrown "anw m / a wire anemometer mounted on 

test of several ful^scale prowlers (66 i reP ° rt9d a whirl tower 

spectra containing broadband noises are ‘availabTe^ one " third octave band 


I 

\ 

j 

i 

i 

I 

i 

i 

< 

i 


i 


11 





VjWWJ. lA^hW) •»(*.! v.vukl.lJ 

■ a* m >* h* iix — <MM 


/fiSSS!?. 



COMPARISONS OF ANALYSES TO EXPERIMENTS 

E SSrr 

zr7 \ i £5vHF - - s r”* 

Same level and a 4.8 dB increase If 

toJJ e testVU^^ the , fu11 rotor whirl 

eW ijrss? 1 '.? the th noTs7 b“ow Ton 7; 'IF h tra11 !* ?«• noise 
SESS-f George W- Vh"^ 

other and with Leverton's data. % et (17) agree wlthin 5 dB with each 

mec han / sms '"of* 5 ViArgT^and S< co-wor ker s ° the^T c n alc, i la ^? n , s based on the three 
Lpverton at an i» « 11 sT ’, the tw0 of Amiet > and some data of 

mrnMm^mrn 

Karman spectrum did however seemtote 8 <1?' C h U 9 1 |. a l . t ' ons nx>e b / usin 9 the 
experiments in this case ‘ be better agreement with the 


^ ^ r, *W3.^^ora , as 

ex^rimenT? measurMerts Sincf^he a r„ e tnc XpeC ‘ ed ‘T be ,ower than tha 

^tlmr^rtle^ *»%% 

two^fiVureT^use^^tph^ar^ari^specfF ^ \h b ° sba ”” in ^h^these 

spectrrappear tot much W ^- T ” e ca,cu ' at, »" a «in, the Bryden 


Figure 
the full 

IP 


0 shows the comparison of some main 
scale helicopter experiment daca of 


rotor noise calculations with 
Johnson and Katz (59). As 


mentioned previously, other sources in add if inn 

in this case. However the results am ctni° n t0 the . [" ain rotor are present 
10 dB, and show the importance of all fhm« reasonable, being within about 
spectrum. In fr? infiJ J hr je mechanisms in various parts of the 

Karman spectrum . Calculations usino" the nlT* " 0isa ca,cu,ati °" a used the 
appear to be about 5 to 10 dB lower? yden spectriJn were also made and 

hel icopte^^jy^Pegg r '(6o') ere The^case 0 we ^hnse" 160 ’* 5 w1t 1 3 fu " sca,e SH-3B 
from a flyover of a SH ia S » tL corresponds to the measurements 

turbulent integral scale and Intensity f e , 0 °ure o ” h ° ver i! ad - Us1 l 3 estimated 
calculations and the data Aaain t-he k ^ hows the comparison between 

was the result of using the Ka?ma^™?£ W ‘ upb k u,e "« "Oise prediction shown 
Oryden soectrun Is lower It should he nnteli fh 6 . n Ve P red lcted using the 
was no blade slap observed during the e^perllwt? ” reP ° rted that there 

tests^by 6 Ite^erscm \t ’all^giT^Vhe^c/se o^iente^h 0 "^ hel1coptar f " ght 
measurements for flyover at an altifute nf 7 p , resent . ed corresponds to the 
Using estimated turbulence orooprt pf^IiiL" 1 and at ? e overhead Position, 
in the previous case was obUined MnTe r h J 5 ? h eme " t w1th ^M'-lments , as 
shown in the figure, which cwrefoMrt to *r. at K- th w er i ar ! tw ° sets of data 
observed during the tests. P bbe highest and the lowest level 

presented 5 by’ HuCrd’ 2 anTco-wo" £s' ?33 631 '“'L?*'.* turbine data 

sources may have been nrpspnt and fnrh. ifnm * He * e . again some ex traneous 
Nevertheless, the agreement had to be estimated, 

is seen that the primary source for fmn .^rlc °J Ute spectra is 9° od a "d it 

There ar *1s 'nTSuestiJn"' that’the^pj'edlai 0 5uggasted ^ Habbard 11 ^ co-workers? 
better agreements‘w1th ^he experiments ’than tho’se us’ing K the a nryden ^pectrim 

corrI?anon^rSlc S ulSs data ,oaln L °tr n rn^ ?V (42) ,or a fa " “> 

be too high. Here the inflow tu?b ence ' * f (4 h 9) . seeras to 

over the full range of freouercips and 1S predicted to be important 

the measured spectrun S ’ a ?2 a tde “'cuiations agree very well with 

RPM's and figures 17 fhrolh pg 1 ^!, 5 m m d ^ show comparisons for different 
angles. Just as in flaure u LlulfT ar ' SOn ? for diffe ^t blade pitch 
the inflow turbulencp 9 noise 3 nredictio^ S? 8 ! 5 We - re obtained - Note that 
which seems to be better suited to indnn^f^h" 1 ?^ US1ng the D|r y den spectrum 
14 and ?0, calculations usInn fhn T ‘“fbulence. However In figures 13, 
comparison. - a ' cu,at '°" s “sing the Karman spectrum are also shown for 

Pate^o^and’ ATetTe/) 1 ’Tn” th» P no 1 ^irt ° f ca ', c l u ' at1o " s to da * a Presented by 
clear that boih tip vortex and boundarvT/ < turbulence) , it is 
hiqher frequencies. Tn all the cases thp Tf 0 * 156 1m P° r ^ an t at the 

to within about 6 dB. Iln11k“ the fui 1 ' .'./it CU » at ' ons and ex f lerlm ents agree 
noise calculations us ng the Drvden snect??^^ '* ™ to h r . f nf 'ow turbulence 
than those using the Karman spTctr™ beUer w , 1th . the “Wiments 

report , they had’ also show? g?Sd agTe'ement with Wers ,^'1 °”? i '' a ' 
no,se analysis whenever the priLry n^TurcT wastfU turbulenct'"’ 6 "" 
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Figures 24 and 26 show similar satisfactory agreements to Aravamudan and 
Harris' model test data with varying inflow turbulence due to upstream grid 
changes (23). Note that the predictions of inflow turbulence noise use the 
Dryden spectrum only. Figures 26 through 33 show comparisons with Humbad and 
Harris' similar data as tunnel speed (advance ratio), upstream grid, and rotor 
RDM's are varied (24). The analyses in Harris and co-workers' original papers 
also showed good agreements with the data. The inflow turbulence noise 
predictions shown in figure 26 to 33 use the Dryden spectrum; however in 
figure 26, 27 and 2D, predictions using the Karman spectrum are also shown. 
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COMPARISONS OF ANALYSES TO EACH OTHER 

G P0 X th JnH S ™ ti0 V he reSUltS calcu1ated by the methods of Amiet and of 
George and co-workers are compared to show the effects of different 

assumptions in the analyses. The computational approach of Amiet allows 

f ] -j? ht ( non " zero advance ratios) and more accurate basic 

5L L?k It dl w reCt J ona1 lty * J he ^orge a " d Kim approach has been implemented 
for both the Von Karman model and the Dryden model of the inflow turbulence 
spectrum We will examine each of these effects by comparing the results of 
the calculations made by different methods. 

Figure 34 shows the plots of the Dryden spectrum, which is available in the 

avai?abfe in Jlnth Jh°p r turbu1enc ® ™ de1 * a " d of the Karman spectrum, which is 
vail able in both the George and Kim and the Amiet models. It is clear that 

Domle^fhiftf^X c ° ntainS more .energy at high frequencies. Although the 
Doppler shifts make it more complicated, one can roughly identify a given 

frequency radiation with the inverse time for a blade to pass through a 
turbulence component of length 1/k, where k is the wavenumber. Thus for 
frequencies on the order of 10 kHz at a tip speed of 100 m/s one is 
interested in turbulence component wavenumbers of order 100 m” . If * as for a 

thl\n C prfr,,m e \ i c C ° P t er ’ the i nte 9 r al seal e is of order 100 m, then the peak of 
fltn spec . trum 1S wavenumber k of .order 0.01 m , implying that the high 
frequencies come from wave numbers 10 4 higher than the inverse integral scale 
Referring to figure 20 we see that the difference between the two atmospheric 
turbulence models can be of order 10 dB at these wavenumbers. For another way 

rlir 0 ?^ 9 at x f J 9 . u , re 35 shows comparisons between inflow turbulence noise 
calculations for a full scale rotor for both 0.1 m and 67.0 m integral scales 

fnr'rHffSInl* that «H°I a . s !P a1 1 ‘integral scale and low frequencies the results 
for different assumed turbulence spectra are in close agreement, although even 

f h»f Vll (/ f r enC6S bec ? me more marked at h1 S h frequencies. One concludes 
that the Von Karman spectra should be used particularly for cases in which the 

w?h l arg€ :' However ’ sorp ® comparisons in the previous section 

.. n ndicate that for indoor tests (which small scale turbulence involves), 
the Dryden spectrum gives better results. j ’ 

r* i^? U rL 3 t Sh A° W ?x t . he eff , ect of forward f1l9ht on inf1ow turbulence noise as 
t6 5 i/ b ^ . Amiet , s anal y sis . and compared to hove- calculations based on 
George and Kim s analysis. It is notable that the advance ratio effect is not 

TCi < , any case interest to helicopters (i.e. advance ratio 
below 0.4). Similarly, figure 37 compares changing advance ratio for boundary 
layer trailing edge noise. Here the basic inputs vary since the calculation 

ilfS? A nd x Se , ? n airfoil boundary layer thickness correlation (38) 

rather than the flat plate results incorporated in their earlier publications 
and in those of Amiet. In this boundary layer trailing edge noise case, the 

v^ue^es 9 s ai than h 0 W 4 that ^ effects of advance ratio are not important for 

. As discussed in a previous section, Amiet' s computational model 

incorporates an accurate basic blade noise radiation directionality for the 
pressures normal to the blade mean line. The methods of George and co-workers 
approximate the basic directionality by a dipole normal to the rotor plane, 

niln« W °d b * e . e *P ected J° lead to underestimates for angles near the rotor 
plane. Both Amiet s and George and coworkers 1 analyses ignore in-plane forces 
and other in-plane mechanisms. Figures 38 through 40 compare the 




directionalities for both inflow turbulence and boundary layer noises Tt u 
c ear that aside from overall differences, the directiona7it"es aVe Hill 
close except within about ten to fifteen degrees of the rotor plane. ^ 


./..J; v- : 






COMPARISONS OF DIFFERENT MECHANISMS IN DIFFERENT SITUATIONS 

♦ t - hu * far that the 

inflow turbulence noise ^ ?an riomin^l fhl . Sltuat , 10ns : We have seen that 

turbulence is strong. On the other hand at mIiK* f radiatl ? n wh ® n the inflow 
layer trailing noise or tin vnX nS 1 h J 9h . frequencies , either boundary 
4-5 8-12 ? L tip vortex noise can be important, as seen in figures 

for 1 square "tip^shapes 6 

& 

tip shapes for a rotor sim11ar P to tlrt "of S » fiu Se i d r on both sc l. uare anr > round 
Clearly, tip vortex noise iV favnrJh f- i UH ‘ (“mpare with figure 8). 
chords' low aspect ratii untan»r»H . hl 9 h angles of attack and wide tip 

generally have tapered blades and we^ave seen°that e their''ol!w Wl "- turb1nes 

Hgu^te^T 8 " 56 ° f 1nterest ,S b — 

configurat^^on Ve is lm an r ^ a interesti V ng ^°vet ^confoVex 115 °" ?• f “" Sca,e hel 1 c °P te r 

°’/2^ S ) Cp P^r^rc'itaTly^ b^Halison^fl?) 'and^later^y^Pegg^t 

stationary ^ope'ne^o ’Tan” eads ^ a Z nr '* °r a 

s*2% 

very well understood. The main rotor's wake consists’* 'of '/ 1ts t 1 f "°^ 

;o7?c n ifshed^e ai :,nr biases' i\ 

and rotor hub, and the turbulence present in thlse fi£s as tin T. 91 ?? 5 ; 

a :rr, 

self-TnducTd rns^ifftW^U^ traScW- V/X'V k ' tl \ 

vSriiceri^n^wel^kln turbu ' ence ' In the 'act al tmture of"th°e 

which are of the order ^"•,w T !' ey ca ^ cont ? 1n ax1a1 velocities in their cores 
. . . . ® order of their maximum circumferential veloritipc p nr fh Q 

interaction geometry associated with forward flight ^ where the 

wi 1 be approximately perpendicular to the plane of the tall rotor th^f 

axial velocities will be strong contributors' \o theSo^n^Hucfua ions 
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the tail rotor blades. Also, the tip vortices are found to diffuse or 'burst' 

hr^Mn SOme fh COndlt l° nS ( ? he ' vortex breakdown' phenomenon). After they 

c b [rlSi Wn, ff th t become more s P read out and turbulent. This will 

strongly affect both the mean and the turbulent inflow seen by the tail rotor 

S Levine f n fi C ft e i £ Ln *****' on on nois ? was P o1nted out in some experiments 
- 68 k 4 .k He repo r ted some experiments where increases of 5 to 10 dB 
f f°u Und in - both narrowband and broadband noise of a Sikorsky S-58T operated 
with the main rotor wake being blown into the tail rotor. Significant 
reductions in tail rotor noise were also reported by Barlow et al . for a 

refer 1906 ? roto . r ( 6 ?)- Another experimental study of tail /main 

otor wake interaction noise involved wind tunnel tests of a model with 

nar!meJrir tai f / 0t0r and direction (70,71). Balcerak (70) made a 

h H- StU J f Vary1 ? 9 tai1 rotor locatinn > fl ‘ n blockage area, tail rotor 
rotation direction, rotor speeds and thrusts, and tail rotor pusher/tractor 

th2 f werL atl 2 n " . Lat ® r . Pe 99 and Sbidler (71) tested the same model, extending 
k TK° d e ?P hasiz i J n 9 identifying the aeroacoustic mechanisms producing the 

Jntnr‘fiJ hey f ° U ,H? w®* 00 *., 8 12 ., dB increase in broadband noise when the main 
rotor flow was added to the tail rotor and significant increases in harmonics 

nuf^ht vane f y conditions. These experiments are very important and point 

r^f th ? C 2 k P ! Xlty and the need for more analytical understanding of tail 
rotor broadband noise sources and how to reduce these sources. 

In the present study all we can do is present a few simple calculations to 
snow the importance of the various mechanisms to tail rotors. Figure 43 
presents Uti-i tail rotor noise for conditions corresponding to the main rotor 
calculations shown in figure 42 (i.e. with no main rotor wake effects). Under 
those conditions, tail rotor noise is clearly less important than main rotor 
. se * In contrast, figure 44 presents calculations for inflow turbulence 
noise due to ingestion of assumed main rotor wake turbulence. (The tail rotor 
tip and boundary layer noise sources are unchanged from figure 43.) The 

turbulence intensity estimates range from those found in the atmosphere to 
arge values, and the length scales are alternatively taken as the main rotor 
chord or radius. Although these estimates range widely, it is clear bv 
comparing figure 44 to 42 that the tail rotor ingestion of the main rotor wake 
is very important and deserves much more attention in the future. 

The final comparisons of mechanisms are for a typical liqht aircraft 
propeller Figure 45 compares calculations for a static propeller on the 

ground. A number of different inflow turbulence intensity values are used 
ranging from representative of quiet nighttime conditions to typical daytime 
conditions. It is evident that under high atmospheric turbulence conditions, 
inflow turbulence is dominant over nearly all of the spectrum. On the other 
f °I- ^turbulence intensities, or for a flyover case as shown in figure 
46, we find that tip or trailing edge noise can be important, depending on 
blade angle of attack. Figure 46 shows calculations somewhat arbitrarily 

?f gre ! angl * s of attack - rhe higher sensitivity of tip 
vortex noise to blade thrust (angle of attack) is quite evident. 
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CONCLUSIONS 


+ of an( l ^ . abi1ity to P redict broadband rotor noise are 
n?K«° C J 1n H* a satlsfactory . state in many respects. Until about ten years aqo 
mprhan i c^* d "* ° 9 was essentia11y qualitative, sometimes erroneous, and several 
hrn^hpnH W ^ re not . ev ? n recognized. As shown in this report, the important 
broadband noise mechanisms are now understood well enough to be able to make 
p dictions to within about five dB of the experimental data. This 

whprp S ^ ndin9 sho | ,1d ^ abl ^ designers to minimize broadband noise in the cases 
where it is a controlling factor in a design. 

irvwL C i a -ff Ul ?f i0 r f an0 ^Tons shown indicate that inflow turbulence 
induced lift _ fluctuations are the most important broadband noise sources at 

nacc-i f L eqi i enCieS ‘ Th . 1s radiation can be predicted down to the lowest blade 
Eofh^H 9 / r 7; du ? ncy » deluding the smooth peaked spectral structure, by the 
ethod of Homicz and George (15). For the higher frequencies, which are of 
more practical interest, the methods of George and Kim (16) and of Amiet (17) 

turb.npJrp S cn at J SfaCt - 0ry a w d Tt much easier t0 compute. When the same inflow 
turbulence spectrum is used, both of the methods seem to agree well with each 

other and with measurements over a full range of parameters, except at anqles 
- - ab0 “t ten to fifteen degrees of the rotor plane. Th^ Karman spec??um 
d ^ b implemented in both George and Kim's and Amiet* s methods, is 
su table for use in predicting the inflow turbulence noise radiating from 

c!i!n S1Ze /!-°i S ' However, the Dryden spectrum, which is only available in 
George and Kim s method, is more suitable to predict the indoor model rotor 
inflow turbulence noise where small scale turbulence are involved. Further 
research is needed on broadband rotor noise near the rotor plane. 

Most experiments do not include enough inflow turbulence data to define the 

nn nfnl° f tbe ana1ys ! s - . In Particular, the effect of streamtube contraction 
^ ^.^ ra t 1 . anisotropic and large scale inflow turbulence needs more 

theoretical and experimental attention. 

Boundary layer trail ing edge noise is now well understood. The analyses of 

It a nm e0r n {31) anb of Schl inker and Amiet (32) and the correlation of 

pynoriilnfc a Th- ppear t0 Q1ve resu1ts which agree reasonably well with 
experiments. This source was seen to be the primary broadband noise source 

for full scale wind turbines. This source often is the important noise source 
at high frequencies on large rotors when inflow turbulence is weak It 

?S^ a th1ckn?s n s Mtl y WUh anQle ° f aUaCk dUe t0 the increa ^ of boundary 

Tip vortex formation noise seems to be satisfactorily predicted, althouqh 
b . 1 . n p b sufficiently^ dominant in any of the experiments to definitively 

M«f b1 rfI S i h *. th ® pr ? C1 5? acc r aCy 0f the mode1 of Geor 9 e et al * (44,45), which 
uses delta wing leading edge vortex data to model the tip vortex. Much more 

experimental data is needed on flows and fluctuating pressure on different 
shapes of rotors and wing tips. Tip vortex noise is most important for square 
tips and for wide chords. This noise probably can be reduced significantly by 
detailed tip shape changes, but this is presently unexplored. 

The noises radiated from helicopter tail rotors remain poorly understood 
The mam rotor wake is very complex and itself poorly understood, although it 
is the primary input needed for tail rotor noise predictions 


Finally further comparisons of the mechanisms to better defined 
experimental measurements are still needed to establish the analyses' 
accuracies and enable further improvements of the broadband noise analy *s and 
noise minimization techniques. 3 
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APPENDIX A 


EFFECT OF ANGLE UF ATTACK ON ROTOR TRAILING EDGE NOISE 


zero" bllda* °Im!T boundary 'ayer trailing edge noise mechanism used 

ess? s? 

blade s algie % f s e hSSTJ’thi 

paper of Kim and George (31) which gives the underlying analysis. 


Using the same model and assumptions, the general result for the far-fipid 

ITni ]e ™ ] radiated the turbulent boundary lajer passing th2 

rotor blades trailing edges can be directly adapted from reference P 31 as 9 


<S 


^ ^ Bf 2 b 2 U 2 sin 2 <|> n=» f : g( j )S pp ( | f-nn| ) ^ 

3~2 


2*pc*r 


n= -oo 


(f-na) 2 (l+_ 


(jj- M 0 cos <(>) (A-l) 


• ( J f-n« | ; ' 


where B = number of blades 

f = acoustic frequency in Hertz 
b = blade span 

U c = turbulence convection velocity 

4 1 = elevation angle of observer from the rotor plane 

p = density of the acoustic media 

c Q = the undisturbed sound speed 

r = distance from rotor hub to observer 

F= {(c l +s 1 )cos2K 1 +(c 1 -s 1 )sin2K 1 }+l-(c 2 +s 2 ) 

G= ( ^C^ 1/2 Hci-s 1 )cos2K l -(c l +s 1 )sin2K 1 }-(c 2 -s 2 ) 
c r is l =E*[2u(l+M)] 


c 2 -i s 2 =E*[2( u+wM+K a )] 


v we Mk 

K i = » w = — , 

2U C 0 2 


S pp ( | f - n «| ) = (y pU2 ) 2 (^)S° ( i ) 




a 2.1- 


2u f-nn I 


- = 2tt [f-nn 1 6* 
U 



As the blade's angle of attack and Mach number are changed, the 
characteristics of the turbulent boundary layer over the rotor change, 
resulting in a change of 6*, the displacement thickness. Previous studies 

used flat plate boundary layer theory to calculate 6* and used it as an input 
to the analysis. However, as pointed out by Schl inker and Amiet (32), the 
flat plate boundary layer theory cannot predict 6* except approximately for 

the zero lift case. Schl inker and Amiet measured the boundary layer thickness 
for a NACA 0012 airfoil section of 0.41m chord, as the Mach number ranged from 
0.15 to 0.5 and the angle of attack changed from -0.4° to 12°. Theoretically, 
both Reynolds number and Mach number, .^af feet 6*. With increasing Reynolds 
number, decreased slowly with Re’ 1 ; with increasing Mach number , the 

compressibility effect tended to increase 6*. Thus, in fact, these two 
effects essentially cancelled each other, thus explaining the fact that their 
data showed a very weak variation with Mach number or Reynolds number. This 
result suggested a simple correlation of 6* with a, th angle of attack alone. 
Note that the data were measured for boundary layer thickness, 6, while in 
equation (A-l), the surface pressure spectrum S was characterized by the 

displacement thickness 6*. Thus, by using the well known one-seventh power 
law, 6 was transformed to 6*. Then a curve fitting technique led to the 

following empirical expression 

6*/c = (24. 3+0. 6625 a) xlO" 4 (A-2a) 

for a < 4°, and 

6*/c = (26. 95+0. 6625 B+0. 30446^+0. 0104S 3 )xl O -4 (A-2b) 

fora > 4°, where a= B - 4°, and a and B are in degrees. This curve and the 
data are shown in figure A-l. Due to the very limited number of data 

available, no correlations are made to Reynolds number and Mach number. This 
limits the application of the above equations to Reynolds number between 9.5 x 
10“ and 5.2 x 10 B . 

Next we examine S , the incident surface pressure spectral density. As can 
be seen in equation^ (A-l), the term that is still left undetermined is 
SqU). An empirical expression for S Q (w) can be obtained from experiments. 
In this study, two set of experiments were used: by Yu and Josh i (72) and by 
Brooks and Hodgson (48). Their data seem to agree well, and again, curve 
fitting leads to the following expression 

S 0 ( w) =1 , 7 32 x10“ 3 u/ ( 1 -5.489w+36. 7 4u 2 +0. 1 505u> 5 ) (A-3a) 

for £o < 0.06, where $ = 2nf6* / U, and 

S 0 ( ai) = l. 4216x10’ 3 w/(0. 3261+4. 1837aj+22.818w 2 +0.0013w 3 +0.0028u> 5 ) (A-3b) 

for 0.06 < a <20., figure A-2 shows the plot of S 0 U) vs. u along with the 
experimental data and the flat plate result. It is clear that one will expect 
about a 10 dB difference due to the spectrum alone as well as the additional 
6* effect of high angle of attack. Figure A-3 shows the effect of changing 
angle of attack on trailing edge noise for an UH-1 helicopter. The result 
leads to a conclusion that the primary difference due to the change of angle 
of attack is in the low to mid frequency range, where the noise increases with 
angle of attack. However, in the high frequency range, the change of noise 


“«^ ,t p^t» n0 S« “a‘ ( S 31^ f ho C « nt O,e^p„ C r°Kc?of 

broK^^^a^ “£ as ' S £& 

separation also contribute significantly to the noise radiation Thus 
eva uate the present analysis by comparison with existing experfments oJe 

? r n°ort" C t? ?lit her edn P0SS ^ la “» rc “- • . *• H*™..* ’S th X e P main body S 

ievels r^en r c a ons?d 9 er e i d n 9 8 e aTrgeTot^r. T^es lT l^and "^"^^' 6 " 06 

body of this report show good agreement with experiments in such cases. * 
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APPENDIX B 

TIP VORTEX SEPARATION MODELS 

The original analysis of noise radiated by the turbulence-trailing edge 
interaction in the tip vortex separation area used a simplified cross-flow 
analogy to estimate the turbulence level and surface pressure spectrum in the 
tip separation region (44). Under the present grant the tip vortex noise 
analysis was extended to also include the use of turbulent intensity and 
pressure spectrum information measured for the three dimensional separated 
flow associated with leading edge vortices on delta wings. 

We start from the analysis of George, Najjar, and Kim (44) where, in a 
manner similar to the work of Kim and George on attached boundary 
layer-trailing edge noise, the far field sound pressure level radiated by the 
statistically stationary converted surface pressure spectrum S 0 n is shown to 
be given by 


<S l (x,f)> 


Bf 2 L 2 U 2 sin 2 * n=» F g ( | f-nn| )S pp ( | f-nnj ) 
n£ '"""(f-nQ) 2 (l + _^ ;) 


0 2 (— M cos<|> ) 
n n 0 


(B-l) 


where the notation is the same as in Appendix A except that L is the spanwise 
extent at the trailing edge of the separation due to the tip vortex. 


In this tip vortex case the model of statistically stationary turbulence 
being convected past the trailing edge may be less accurate than for the 
attached boundary layer case. However, it should certainly be reasonable 
enough to calculate an approximate spectrum of the radiation and determine the 
importance of this mechanism for rotors. 


The models we use for the tip flow are based on the fact that in the 
cross-flow plane the tip flow separates and then reattaches as shown in the 
simplified sketch of figure 3. Data from two different flows are used: 

first, two-dimensional separated flow; and second, three-dimensional delta 
wing leading edge vortex flow. 


Mabey (73) has analyzed a large number of two-dimensional separated flow 
geometries and shown that the nondimensional pressure fluctuation spectra can 
be reasonably well correlated between a wide variety of geometries, whpn the 
separation bubble length is used as the nondimensional izing length for the 
data. The pressure fluctuations scale with dynamic pressure to within a fact- 
or of less than three. Thus the spectra are put in the nondimensional form 
S* Spp V m q“ L - where q = 0. 5pV m z and V m is the maximum velocity along 
|he separation steamline. Similarly the frequency is nondimensional ized; 

' = fLV m" • Similar correlations were also established by Frlcke (74). We 
scaled our two-dimensional spectrum from the experiments of Fricke and 
Stevenson (75). They measured pressure spectra for a two dimensional fence 
followed by a separated flow and reattachment. This geometry is similar to 
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our cross flow view shown in Figure B-l. 
Frlcke and Stevenson and the curve fit to 

$ = 0 ; 

5.9703 x 10- 3 f -3.5673 x 10“ 4 ; 
3.144 x 10- 3 sin (3.2388 9 -0.5506) 
(93.035 + 557.09 ?)- 1 ; 

(-258.896 + 1964.19 f -2416.78 


Figure B-2 shows the spectrum of 
it which can be expressed as 

f < 0.1375 

0.1375 <9 < 0.3872 

; 0.3872 < 9 < 0.7935 

0.7935 < 9 < 1.0605 

9 2 + 1288.94 9 3 -100.862 t 4 )- 1 ; 

1.0605 < 9 (B-2) 


For the second model we based our pressure spectra on those measured 
under the similar edge separation vortices on delta wings. As sketched in 
figure 2, the delta flow geometry is very similar to tip flow, including the 
primary and secondary separation from the edge and the axial outer flow. The 
separation geometry is influenced by rounded or sharp edges as in the tip 
case. Our goal was to construct a suitable correlation for the pressure 
spectra in the delta case and to relate it to the tip flow case of interest. 


Richard and Fahy (76) have analyzed the turbulent flow beneath the lead- 
ing edge vortices of several delta wings of different planforms and various 
angles of attack. They presented spectra from a number of investigators, non- 
dimensional ized in several ways, none of which were satisfactory for our 
case. In oMer to find a normalization suitable for application to our tip 
case we first studied the delta wing flow geometry and pressure data measured 
in the comprehensive experiments of Peckham (77). Based on flow visualization 
results, the locations of peak negative pressures, and on pressure distribu- 
tions, the value of the transverse separation scale L was found relative to 
the local chord and plotted as L/C versus angle of attack a as shown in figure 
B-3. The edge shape is definitely important as noted also by Bartlett and 
Vidal (78). Next the maximum negative pressure coefficients under the vor- 
tices relative to those on the nearby surface were used with the Bernouilli 
equation to derive the maximum velocity ratio V m /U. Assuming that the ve- 
locity in the vicinity of the vortex is approximately the same as that on 
nearby surfaces one obtains: 


v * /u 1 (1 ‘ W 


1/2 


(B-3) 


The resulting values are plotted as a function of angle of attack a of 
the delta wing in figure B-4. 

Thus, using figures B-3 and B-4 the values of L and V m can be estimated 
for each of the spectra given by Richards and Fahy (76) and the data normal- 
ized by these two physically important parameters. The results, as shown In 
figure B-5, give a somewhat better correlation of the spectra than either of 
the two other normalizations given in Richards and Fahy's paper. 

These spectra can be approximated by the curve defined by 
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< -0.82 


-3.475 - 1.654 (log l0 ? + 0.82) 2 ; log 10 

1 ogi o S = 

-3.475 - 0.984 (1 og A0 f + 0.82)* ; 1og l0 
but f = 0 if f < 0. 



-0.82 


( B-4) 


This curve is comparable to the identically normalized two-dimensional 
data, showing that the method of normalizing satisfactorily relates pressure 
spectra in different types of flows. The primary difference between the two 
spectra is the slower fall -off with frequency of the delta wing spectrum com- 
pared lo the two-dimensional spectrum. 

In order to be able to find an appropriate spectrum for a rotor tip case 
we need estimates of L and V m for rotor tips at different angles of attack. 
The flow visualization, pressure measurements, and velocity measurements of 
Gray et al. (79) and of Chigier and Corsiglia (80) were used in a similar man- 
ner as for the delta wing cases to estimate L/C and V m /U versus <* as shown 
in figures B-6 and B-7 respectively. V m /U can be expressed as 

V m /U = 1.0 + 0.0359 a (B-5) 


where a is the local tip angle of attack in degrees. The spanwise extent of 
the spectrum can be expressed as 


L/c ■ 0.023 + 0.0089 a (B-6a) 
for a square tip cross section or 

L/C = 0.0074 (a - 2.0) ( B -6b) 

for a round edged tip. Gray et al. tested both a rounded and a square tip and 
thus the values of L/C are more accurately related to edge shape than in the 
available delta data given above. On the other hand, the values V m /U were 
estimated from Gray et al.'s Cp data and from the hot wire measurements of 
reference 80 and are only approximate. Further work is needed to definitively 
establish the turbulence properties on wing and rotor tips. 

In summary, given a tip shape and angle of attack the values of L and 
V m are obtained from equations B-5 and B-6 and then these values are used to 
obtain a pressure spectrum from either the two-dimensional or delta results 
given by equations B-2 or B-4. This spectrum is actually applicable near the 
reattachment line. The spectrum is somewhat lower in the separated region 
before reattachment and it drops off past reattachment. At this state of 
approximation, rather than integrating this spanwise variation we used the 
reattachment spectrum and assumed it to be constant over the distance L. By 
not including any of the blade outside of the separation region of length L we 
should roughly compensate for the actual changes in spectrum shape and 
amplitude in the tip region. 
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The value of U c Is taken as U c * 0.8 U and * 2 ( w ) * 2.1(U c /w) based 
on results for boundary layer turbulence (81). Thus the final calculations 
are made by substituting one of the analytical curve fits, equation B-2 or 
B-4, into equation B-l and evaluating it numerically as outlined in reference 
44. In the results presented in this report the delta wing data (equation 
B-4) were used for the predictions given. H 
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APPENDIX C 


ANNOTATED LIST OF EXPERIMENTAL REFERENCES 
WHICH WERE NOT USED IN COMPARISONS 

Baade, P. K.: Effects of Acoustic Loading on Axial Flow Fan Noise 

Generation. Noise Control Engineering, vol. 8, Jan. -Feb. 1977, pp. 5-15. 

• duct acoustics effects involved 

Balcerak, J. C.: Parametric Study of the Noise Produced by the Interaction of 
the Main Rotor Wake with the Tail Rotor. NASA CR- 145001, 1976. 

• tail rotor noise 

• strong rotor/wake interaction affects 

Balombin, J. R.: An Exploratory Survey of Noise Levels Associated with a lOOkW 

Wind Turbine. NASA TM-81486, 1980. 

• similar data given in references 33, 63 

Barger, R. L: Theoretical Prediction of Nonlinear Propagation Effects on Noise 

Signatures Generated by Subsonic or Supersonic Propeller or Rotor-Blade TiDs. 
NASA-TP-1660, 1980. 

• no data 

Bausch, W. E., Schlegel, R. G. : Helicoptor Main Rotor Noise Prediction and 

Control. Journal of the American Helicoptor Society, vol. 14, NO. 3, pp. 38-47. 
1969 

• octave band data only 

Brooks, B. M. : Acoustic Measurements of Three Prop-Fan Models, AIAA-80-0995, 

AIAA 6th Aeroacoustics Conference, Hartford, Conn., June 4-6, 1980, p. 13. 

• high speed noise dominates 

Cicci, F., Topi is, A. F.: Noise Level Measurements on a Quiet Short Haul 

Turboprop Transport — de Havi 1 1 and Dash 7 ST0L Propulsion. Society of 
Automotive Engineers, Business Aircraft Meeting, Wichita, Kan. April 6-9, 1976. 

• high speed noise dominates 

Damongeot, A.: Helicopter Tail Rotor Noise Generated by Aerodynamic Interac- 

tions. Paper No. 57, 4th European Rotorcraft and Powered Lift Aircraft Forum. 
Stresa, Italy, Sept. 13-15, 1978. 

• tail rotor noise (wake effects) 

Dittmar, J, H. , Jeracki, R. J.: Noise of the SR-3 Propeller Model at 2 Deg and 

4 Deg Angle of Attack. NASA TM-82738, 1982. 

• high speed noise generated by supersonic tip speed propeller 

Dittmar, J. H., Jeracki, R. J.: Additional Data on the SR-3 Propeller. 

NASA TM-81736, 1981. 

• high speed noise generated by supersonic tip speed propeller 

Fink, M. R. , Schlinker, R. H., Amiet, R. K. : Prediction of Rotating-Blade 

Vortex Noise from Noise of Non-Rotating Blades. NASA CR-2611, 1976. 

• rotational noise dominates 

• low frequency spectrum ( ~ 1200 Hz) 
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Rotors. S «ME ?apor St 79 S -GT a -4 d Sqace ‘ ) F a" 

Energy Conference", San Diego, CA ,’ March T2-T5 un?" 1 "* Exhibft a " d Sol.r 

• high speed noise dominates * 

Turbulence on Turbot an ' fil'tor' No He ’---^NAsf ^n®^ ° f Wind Tunne1 

NASA CR-152359, 1980. S6 NASA Anes 40 by 80 Foot Wind Tunnel. 

• tone noise dominates 


AIAA-77 - llfi l ° n a m a R ^l° r A N ° iSe Source Mec hanisms 
A1AA 77 1361, AIAA 4th Aeroacoustics Conference, 


Grosche, F. R., Stiewitt, H.: 
with Forward Speed Simulation. 

Atlanta, GA., Oct. 3-5, 1977. 

• in-plane noise measurements 

Journal of Acoustic^cVeTy of /toMcan^vol C 56 SG< J 1 ^ iorJ ,OSpher1c Turbu1e nce. 

• rotational noise dominates ’ vola 56 ’ July 19 ^4, pp. 110-126. 

Flyover, ° Hover .^Landing * and Tkke-Off’ Grou r d Noise Measurements During 

HH-43B Helicopter. NASA TM-X-2226 1972^ ^ 10nS ° ^ d Standard dnd a Modified 
•coaxial rotors - strong wake effects 

Vortex* Noise A VV SC a he Rotatina* ’Bl^^nneV^t • P * : u . f J coustlc . al Measurements of the 
Downstream. NASA TN-D-6364 9 1971. P 3tln9 Wlth and Wlthout Shed Wake Blown 

• strong wake effects 

Noise^n *n Ig'ht. AImI^^ Action of F °" 

July 20-23, 1976. * d Aeroacoustics Conference, Palo Alto, CA, 

• tone noise dominates 

Hodder, B. K. : Further Studies of Static tn ciinht * _ 

Using inlet Distortion Control ft lotcVU^cft^ 

• tone noise dominates 

Fan d D^screte*Tone n No1se? a ^NASA O TM-X-62300 Ct 197 P 3. In ' et Turbule "“ ^ *.l. on 

• discrete tone noise dominates * 

1 ne P * a " d Hd,t1ple 

of b Sound and^Vibration,* vol 1“ 78, M ?981 H pM25-437 R ° t0r Impu1sive Noise * Journal 

• impulsive noise * HJ/ * 


29 




«*, ' 

■'Jr . 


r 







0 ‘ 


■ '-X . 



0 ■ •' 
w ' ■'.■■' V- 


JanakiRam, D. S., Scruggs, B. W.: Investigation of Performance, Noise and 

Detectability Characteristics of Small-Scale Remotely Piloted Vehicle (RPV) 
Propellers. AIAA-81-2005, AIAA 7th Aeroacoustics Conference, Oct. 5-7. Palo 
Alto, CA, 1981. 

• harmonic nclse dominates 

• in-plane noise measurements 

Kantola, R. A., Warren, R. E.: Reduction of Rotor-Turbulence Interaction Noise 

in Static Fan Noise Testing. AIAA-79-0656, AIAA 5th Aeroacoustics Conference, 
Seattle, WA, March 12-14, 1979. 

• tone noise dominates 

Keast, D. N. , Potter, R. C.: A Preliminary Analysis of the Audible Noise of 

Constant Speed, Horizontal Axis Wind Turbine Generators. D0E/EV-0089, 1980. 

. similar data given in references 33, 63 

Kobayashi, H.: Three-Dimensional Effects on Pure Tone Fan Noise Due to Inflow 

Distortion — Rotor Blade Noise Prediction. NASA TM-78885, 1978. 

• tone noise dominates 

Kobayashi, H., Groeneweg, J. F.: Effects of Inflow Distortion Profiles on Fan 

Tone Noise Calculated Using a 3-D Theory. NASA TM-79082, 1979. 

• tone noise dominates 

Lane, F.: Broadband Noise Generated by Turbulent Inflow to Rotor or Stator 

Blades in an Annular Duct. NASA CR-2503, 1975. 

• no data 

Laudien, E.: Main and Tail Rotor Interaction Noise During Hover and Low-Speed 

Conditions. 2nd European Rotorcraft and Powered Lift Aircraft Forum, 
Bueckenburg, West Germany, Sept. 20-22, 1976. 

• tail rotor harmonic noise/main rotor impulsive noise dominate 

Lee, A, Harris, W. L., Widnall, S. E.: An Experimental Study of Helicopter 

Rotor Rotational Noise in a Wind Tunnel. AIAA-76-564, AIAA 3rd Aeroacoustics 
Conference, Palo Alto, CA, July 20-23, 1976. 

• rotational noise dominates 

• OASPL data only 

Leverton, J. W.: Reduction of Helicopter Noise by Use of a Quiet Tall Rotor. 

6th European Rotorcraft and Powered Lift Aircraft Forum, Bristol, England, 
Sept. 16-19, 1980, Conference Papers, Part 1. 

• tail rotor noise 

Lewy. S., Lambourion, J. , Malarmey, C., Rafine, B., Perulli, M.: Direct 

Experimental Verification of the Theoretical Model Predicting Rotor Noise 
Generation. AIAA-79-0658, 1979. 

• fan rotor/stator tone noise dominates 

Lucas, J. G. , Woodward, R. P. , MacKinnon, M. J.: Forward Acoustic Performance 

of a Shock-Swallowing High-Tip-Speed Fan (QF- 13) . NASA TP-1668, 1980. 

• high speed noise dominates 
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Manl, R., Berkofske, K.: Experimental and Theoretical Studies of Subsonic Fan 

Noise. NASA CR-2660, 1976. 

• high RPM fan noise 

• harmonic noise dominates 

Munch, C. L., Paterson, R. W. . Bay, H.: Rotor Brandband Noise Resulting from 

Tip Vortex/Blade Interaction. Sikorsky Aircraft SER-50909, 1975. 

• strong tip vortex/blade interaction effects 

Neise, W, Koopmann, 6. H.: Reduction of Centrifugal Fan Noises by Use of 

Resonators. Journal of Sound and Vibration, vol. 73, Nov. 22, 1980, dd. 
297-308. 

• high RPM turbofan noise with resonator effects 


Nelson, W. L., Alaia, C. M.: Aerodynamic Noise and Drag Measurements on a 

High-Speed Magnetically Suspended Rotor. WADC-TR-57-339. 

• high speed noise dominates 

Newman, J. S.: Helicopter Noise Exposure Level Data: Variations with Test 

Target, Indicated Airspeed, Distance, Main Rotor RPM and Take-Off Power. 
FAA-AEE-80-34, 1980. 

• noise exposure level data only 

Pegg, R. J. , Moiliozzi, B., Farassat, F.: Some Measured and Calculated Effects 

of Forward Velocity on Propeller Noise. American Society of Mechanical 
Engineers, Paper No. 77-GT-70, 1977. 

• harmonic noise dominates 

• similar tests in reference 65 

Pegg, R. J. , Shidler, P. A.: Exploratory Wind-Tunnel Investigation of the 

Effect of the Main Rotor Wake on Tail Rotor Noise --- Langley Anechoic Noise 
Facility. In Helicopter Acoustics, pp. 205-219. 

• tail rotor noise 

Piersol, A. G., Wilby, E. G., Wilby, J. F.: Evaluation of Aero Commander 

Propeller Acoustic Data: Taxi Operations. NASA CR- 159124, 1979. 

• harmonic noise dominates 

• octave band spectrum only 

Rathgeber, R. , Sipes, D. E.: The Influence of De sing Parameters on Light 

Propeller Aircraft Noise. SAE-770444 Society of Automotive Engineers, Business 
Aircraft Meeting, Century II, Wichita, KA, March 29-April 1, 1977. 

• OASPL in most cases 

• high speed noise dominates 

Rjijgrok, G. J. J. : Experiments on the Validity of Ground Effect Predictions 

for Static Noise Testing of Propeller Aircraft. Journal of Sound and Vibration, 
vol. 72, 1980, pp. 469-479. 

• propeller noise with strong ground effects on inflow 

• harmonic noise dominate 
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Scheiman, J. : Further Analysis of Broadband Noise Measurements for a Rotating 

Blade Operating With and Without Its Shed Wake Blown Downstream. NASA 
TN D-7623, 1974. 

• strong rotor/wake interaction effects 

Schlegel, R., King, R. , Mull, H.: Helicopter Rotor Noise Generation and 

Propagation. USAAVLABS-TR-66-4, 1966. 

• full scale S-58 data, similar data given in reference 61 

Shaw, L. M., Woodward, R. P., Glaser, F. W., Dastoli, B. J.: Inlet Turbulence 

and Fan Noise Measured in an Anechoic Wind Tunnel and Statically with an Inlet 
Flow Control Device. AIAA-77-1345, AIAA, 4th Aeroacoustics Conference, 

Atlanta, GA. , Oct. 3-5, 1977. 

• tone noise dominates 

Shreve, J. C.: Propeller Aircraft Flyover Noise Testing. SAE-770443 Society of 

Automotive Engineers, Business Aircraft Meeting, Century II, Wichita, KA, March 
29-April 1, 1977. 

• no data 

Tadghighi, H., Cheeseman, I. C.: A Study of Helicopter Rotor Noise, with Special 
Reference to Tail Rotors, Using Acoustic Wind Tunnel. Vertica, Vol. 7, No. 1. 
1983. 

• rotational noise dominates 

Trebble, W. J. G., Williams, J., Donnelly, R. P.: Comparative Acoustic 

Wind-Tunnel Measurements and Theoretical Correlations on Subsonic Aircraft 
Propellers at Full-Scale and Model-Scale. AIAA-81-2004, AIAA 7th Aerocoustics 
Conference, Palo Alto, CA., Oct. 5-7, 1981. 

• in-plane noise measurements 

• harmonic noise dominates in most cases 
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Figure 5 Comparison of Predictions with the Experiment of Leverton (55), 
-11.5°, Same Turbulent Properties as In Figure 4 
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Figure 


Comparison of Predictions with Hubbard et al.'s Experiment (33) for 
MOD-2 Wind Turbine, a = 55 m, = 1 m/s, Ground Distance = 69 m 
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Figure 16 Comparison of Predictions for Low Speed Fan Noise, Experiment of 
Lowson (42), 2200 RPM, Tip Pitch * 15- 
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Figure 20 Comparison of Predictions for Low Speed Fan Noise, Experiment of 
Lowson (42), 1600 RPM, Tip Pitch = 20° 
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Figure 22 Comparison of Predictions for Model Rotor, Experiment of Paterson 
and Amiet (b4), Medium Grid, TEST VA-M-4 
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Figure 33 Comparison of Predictions for Mode. Rotor, Experiment of Humbad t 
Harris (19), Large Grid, 2000 RPM 
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37 Effect of Advance Ratio on Rotor Trailing Edge Noise Calculations 
UH-1, * * -90® 
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Figure 42 Noise Calculations for UH-1 Helicopter's Main Rotor, r 
-78.5°, A = 67 m 
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Figure 43 Noise 
as in 

Calculations for UH-1 Helicopter's Tail 
Figure 42 

Rotor, Same Conditions 


..jlIsglK 'll' n FaJwTn ' ‘•<*5r', *’t' 




(ft ff^wg a tew t w? 


• »W| ) WrtW<| 














£ 



FREQUENCY, Hz 

Figure 46 Noise Calculations for a Typical Light Aircraft Propeller, Fly-over 
r = 74.8 m, a = -78.5°, a = 67 m, 4° and 8.5° Angle of Attack 
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